Summary. Transcutaneous oxygen, laser Doppler flowmetry, peroneal nerve motor conduction velocity and skin temperature were assessed in both legs of 34 diabetic patients, who had a mean age of 41 (range 29-77) years, and diabetes duration of 21 (3-34) years. Transcutaneous oxygen significantly correlated with peroneal nerve motor conduction velocity (r = 0.59 p < 0.001) and laser Doppler flowmetry (r = 0.7 p < 0.001). Laser Doppler flowmetry correlated weakly with peroneal motor conduction velocity, (r = 0.34 p < 0.05). In each patient the leg with the higher transcutaneous oxygen (mean 70.2 +9.3 (SD)mmHg) had a significantly higher peroneal motor conduction velocity (45.3_+7.1 vs 41.5+ 6.3 m/s, p < 0.01), than the leg with the lower transcutaneous oxygen (61.0+ 11.9 mmHg), though no difference in skin temperature was observed, 31.4 + 0.4 vs 31.1+ 0.5 ~ We then assessed the potential for reversibility of conduction velocity deficits in ten non-diabetic patients, aged 59 (52-77) years, undergoing unilateral femoro-popliteal bypass, measuring transcutaneous oxygen, peroneal nerve motor conduction velocity and skin temperature pre-and 6 weeks post-surgery. In the control leg (unoperated) there was no significant change in transcutaneous oxygen (63.2 + 8.8 vs 63.0+4.6mmHg), peroneal nerve motor conduction velocity (45.1 + 7.8 vs 43.4 + 7.2 m/s) or skin temperature (30.8 + 1.3 vs 30.2 + 1.2 ~ after surgery (all NS). In the operated leg, transcutaneous oxygenincreased from 59.3 + i0.7 to 70.7 + 7.2 mmHg (p < 0.01), and peroneal nerve motor conduction velocity from 42.6 + 6.1 to 46.7 + 3.2 m/s (p < 0.01), but skin temperature was unchanged 30.3 + 0.4 vs 30.4 + 1.3 ~ (NS). These studies provide further evidence that peripheral nerve function is associated with tissue hypoxia and that improving tissue oxygenation can significantly improve nerve conduction over a short period of time.
The aetiopathogenesis of diabetic peripheral neuropathy has been the subject of considerable debate, between those who believe that metabolic abnormalities [1, 2] , including those of the polyol pathway [3] , are the principal cause and those who favour microvascular disease [4, 5] . Both mechanisms are likely to be at work in a single individual, and indeed the two may be related [2, 4] .
In addition to work in experimental diabetes [6] [7] [8] [9] , there is evidence from a variety of sources that microvascular pathology plays a role in human diabetic neuropathy. Biopsies of sural nerve taken from neuropathic diabetic patients show features of a microangiopathy, including basement membrane thickening and endothelial hyperplasia [10] . Similar pathological and electrophysiological features to those seen in diabetic patients can be found in patients with hypoxic chronic obstructive airways disease [11] [12] [13] . Direct measurement of endoneurial oxygen tensions has shown that diabetic sural nerve is hypoxic compared to non-diabetic controls [14] . It has recently been demonstrated that whilst nerve conduction velocity increases following exercise in non-diabetic and non-neuropathic diabetic subjects, it fails to increase in diabetic patients with neuropathy, and this is believed to be due to impairment of neural blood flow [15] .
Direct measurement of transcutaneous oxygen (TcPO2) has been used as an index of peripheral perfusion for peripheral vascular disease [16] and to predict ulcer healing [17] . In this study transcutaneous oxygen, skin temperature and peroneal nerve motor conduction velocity (MCV), which is the best correlate of structural pathology in early diabetic neuropathy [18] , were measured in diabetic patients in order to assess whether a direct relationship existed.
In a parallel study, non-diabetic patients undergoing unilateral femoro-popliteal bypass were examined before and after surgery to assess whether revascularisation could improve nerve function. These results may provide a guide to future therapeutic options in diabetic patients. electrophysiology system (Medelec Limited, Woking, UK) was used for all measurements. Tracings were taken of the motor action potentials and the latencies were measured by an independent observer who did not know the subject's identity or oxygen measurement.
Skin temperature was measured using a Mikron Infra-Red thermometer (Mikron Instrument Company, Inc., Wyckoff, N J, USA) on the dorsum of each foot over the belly of EDB, after 30 rain equilibration with room temperature. A mean of three readings was taken at each site. The within subject coefficient of variation was measured at 3 %.
Laser Doppler flowmetry was measured at 44 ~ with a Per• PF3 laser Doppler perfusion monitor (Per• Stockholm, Sweden) immediately after measurement of TcPO2 and at the same site. The measurement was made using the standard Per• perpendicular probe and holder, the probe was set at 12 kHz bandwidth. The within subject coefficient of variation was 17 %.
In the second study, TcPO2, peroneal nerve MCV and skin temperature were measured in both legs of 10 consecutive non-diabetic patients, aged 59 (52-77) years, with angiographically proven superficial femoral artery thromboses suitable for unilateral femoro-popliteal bypass. Measurements were made the day before and between 6 and 8 weeks following surgery, using the techniques outlined above. In all patients fasting plasma glucose measurements were performed on the day of operation and all were less than 6 mmol/1.
Statistical analysis
All the results were analysed using Minitab Software (Minitab Inc., State College, Pa., USA). The diabetic groups were compared using Student's t-test and the non-diabetic groups with a paired Wilcoxon test.
Results

Study one: diabetic patients
Patients and methods
The studies were performed with the approval of the Manchester Central Hospitals NHS Trust Ethical Committee and all patients gave informed consent prior to participation.
The first study included 34 diabetic patients, 18 female, 24 with Type 1 (insulin-dependent) diabetes, mean age 41 (range 29-77) years, with a mean duration of diabetes of 21 (3-34) years. Patients were selected to include those both with and without clinical neuropathy. None had clinical evidence of peripheral vascular disease or diabetic retinopathy as detected by fundoscopy through dilated pupils. All patients performed overnight urine collections prior to the study and had urine albumin excretion rates of less than 20 gg/min. TcPO2, peroneal nerve MCV, laser Doppler flowmetry and skin temperature were assessed in both legs. All measurements were made with the subject semi-recumbent on a couch in a warm room, with the temperature maintained above 25 ~ TcPO2 was measured using a TINA TCM3 meter, (Radiometer, Copenhagen, Denmark) at 44~ on the dorsum of the foot over the muscle extensor dig• rum brevis (EDB). The electrode was left in place for 20 min and a stable reading of more than 1 min after this time was used for the analysis. The within subject coefficient of variation for this test which was assessed by measuring one subject daily for 10 days, was 2.4 %.
Peroneal nerve MCV was measured with standard surface electrodes with stimulation at the head of the fibula and on the shin, 10-15 cm above the ankle, with the recording electrode over the EDB and the earth electrode positioned mid-calf. A Medelec Neurostar
In the diabetic patients peroneal nerve MCV correlated with TcPO2, r = 0.59 p < 0.001 (Fig. 1 ), but not with skin temperature, r --0.16 (NS). There were no significant differences between Type i (insulin-dependent) and Type 2 (non-insulin-dependent) patients.
In each patient the leg with the higher TcPO2 (mean 70.2 + 9.3 (SD) mmHg) had a significantly higher pero- (Fig.2) . Laser Doppler flux correlated with peroneal MCV, r--0.34, but this was significant at the p < 0.05 level only.
Study two: non-diabetic vascular patients
In the operated leg TcPOz increased from 59. (Figs. 3 and 4) .
Discussion
The evidence that microvascular flow and endoneurial hypoxia are implicated in the development of peripheral neuropathy is increasing in both animal and human studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Neuropathy can be prevented in experimental diabetes in rats by treatment with vasodilators from the induction of diabetes [8] , and direct measurement of nerve blood flow has confirmed that this is reduced in diabetic rats [9] . Non-diabetic rats kept in a low oxygen environment have also been shown to develop peripheral neuropathy [19] . Recent research has also demonstrated that a surgically created proximal arterio-venous shunt can significantly reduce nerve function in the limb by reducing distal blood flow [6] .
In man, direct measurement of endoneurial oxygen tension has shown that diabetic sural nerve is hypoxic compared to non-diabetic controls [14] and biopsies of sural nerve taken from neuropathic diabetic patients show features of microangiopathy [10] . Similar features can be M. J. Young et al.: Tissue oxygenation and nerve function found in biopsies from patients with hypoxic chronic obstructive airways disease [11] , up to 20 % of whom may develop peripheral neuropathy [12] . These patients also show the same electrophysiological features as diabetic patients, including resistance to ischaemic conduction failure [11] . A reduction in MCV and morphological abnormalities, including a reduction in myelinated fibre density have been reported in patients with peripheral vascular disease [20] . The creation of arterio-venous shunts for haemodialysis has been demonstrated to lead to distal neuropathy in a number of case reports [21] [22] [23] . Whilst an increase in peroneal MCV is seen in non-neuropathic diabetic, and non-diabetic subjects following exercise, which might be expected to improve limb blood flow, it has been demonstrated that nerve conduction velocity fails to increase in diabetic patients with neuropathy, suggesting impairment of neural blood flow [15] . The clear relationship between tissue oxygenation and nerve function observed in this study supports the view that hypoxia is implicated in the aetiopathogenesis of peripheral neuropathy. This, however, would apparently contrast with other studies which have shown that blood flow in the neuropathic diabetic foot is actually increased [24] . In these studies there is considerable evidence of arteriovenous shunting [25] , including a high oxygen concentration in dorsal foot veins [26] . Arterio-venous shunting has also been demonstrated in the blood supply of the sural nerve of diabetic patients with neuropathy [27] and it is likely that the lower skin oxygen tensions measured in this study reflect shunts away from nutritive flow, which is also suggested by the weaker correlation between laser Doppler and peroneal MCV.
The absence of a direct correlation between changes in temperature and nerve function is probably related to the fact that in this study subjects were allowed to rest in a warm room before the readings were made, and this is likely to reduce the effects of a cool limb on peroneal MCV. It is also possible that the auto-sympathectomy described in these patients [28] removes the association between temperature and blood flow in diabetic patients.
It could be reasoned that if diabetic peripheral neuropathy is due in part to impaired endoneurial blood flow then reduction in blood flow or tissue oxygenation alone should result in peripheral nerve dysfunction. This is supported by the reports of peripheral neuropathy in patients with hypoxic chronic obstructive airways disease [12] , morphological changes in the sural nerve of patients with peripheral vascular disease [20] and the observations of the effects of proximal shunts described above [6, [21] [22] [23] . The present study examined non-diabetic patients with unilateral femoral artery thromboses undergoing reconstructive surgery, which allowed the unoperated leg to act as a control for other variables such as smoking or drugs and could provide a model for the role of impaired blood flow alone. The marked increase in tissue oxygenation following surgery was accompanied by a significant rise in peroneal conduction velocity in contrast to the findings of a previously published study by Hunter et al. [29] . However, in this previous study, there were mixed groups of diabetic and non-diabetic patients and the degree of vas- The absence of significant rise in skin temperature in the non-diabetic group following reconstructive arterial surgery may reflect the 30 min or more of equilibration in a warm room that was allowed before the measurements were taken.
Although not significant in these relatively small numbers of patients there was a fall in TcPO2, peroneal nerve MCV and skin temperature in the control leg following surgery. This may reflect a form of steal phenomenon as peripheral vascular disease is usually bilateral, although asymmetrical, and the side of the bypass operation is determined by clinical indications.
In conclusion, these studies demonstrate that there is a significant relationship between tissue oxygenation and peripheral nerve function in diabetic patients and that in non-diabetic patients, improvement of tissue oxygenation is accompanied by a significant improvement in nerve function. These findings lend support to the hypothesis that endoneurial hypoxia is implicated in the aetiopathogenesis of diabetic peripheral neuropathy and that therapeutic strategies to improve blood flow, particularly in early neuropathy should be considered.
